The Powder River Basin (PRB) in southeastern Montana and northeastern Wyoming contains massive coal deposits with biologically generated coal bed methane (CBM). The microbial ecology of an area within a coal bed influenced by recent groundwater recharge was sampled with a diffusive microbial sampler (DMS). The DMS contained native coal material and was incubated in situ (57 m depth) to allow colonization of the coal particles. Pyrotag sequence analyses of SSU rRNA gene sequences from the coal contained within the post-incubation DMS detected methylotrophic and hydrogenotrophic methanogenic archaea along with diverse bacterial communities. Microbial enrichments (coal or acetate/H 2 ) were established from the DMS, and the enriched bacterial and archaeal communities were characterized via clone library analysis. The in situ bacterial communities were more diverse than the archaeal communities, and the archaeal populations differed between coal incubated in situ and in laboratory enrichments. In addition, bacterial diversity was higher for laboratory enrichments with coal compared to enrichments without coal. The elucidation of rela-tionships between microorganisms involved in coal degradation and metabolite (acetate, H 2 ) utilization within coal-dependent microbial communities is crucial to understanding and improving in situ coal bed methane production.
Investigation of coal-associated bacterial and archaeal populations from a diffusive microbial sampler (DMS)

INTRODUCTION
Energy sources with low carbon emissions, such as methane gas, are becoming increasingly important with climate change and rising energy needs worldwide. Subsurface coal, a difficult substrate for microorganisms to utilize due to recalcitrant properties, has been asso-ciated with vast methane deposits within coal beds (Strąpoć et al., 2011) . In some areas, the methane gas from the coal beds can be produced and utilized as an industrial energy source. Estimates of recov-erable CBM (coal bed methane) from the Powder River Basin (PRB) in southeastern Montana and northeastern Wyoming vary, but with cur-rent extraction techniques an estimated 17.4 trillion cubic feet (TCF) could be recoverable (Meredith et al., 2012 ). This reserve is substan-tial considering 1 TCF of methane could supply the natural gas needs of 400,000 households for 20 years (Bauder, 2007) . However, little is known about the methanogenic microbial communities responsible for producing the methane, the coal bed conditions that contribute to methane production, or the key microbial community interactions that contribute to coal-dependent methanogenesis. Methane production in coal beds is the consequence of a series of metabolic interactions among various groups of microorganisms (Strąpoć et to fatty acids, organic acids (e.g., lactate, succinate, acetate), alcohols (e.g., methanol), hydrogen, and carbon dioxide is carried out by fermentative bacteria (Strąpoć et al., 2011) . The primary fermentation products can be utilized by both Bacteria and Archaea including: secondary fermenting bacteria (syntrophs); homoacetogenic bacteria; and acetoclastic, methylotrophic, and hydrogenotrophic methanogens (Strąpoć et al., 2011) . Trace elements have also been shown to impact methane production and methanogen abundance in microcosms inoculated with produced water from the PRB (Unal et al., 2012) .
Trace elements and nutrients enhancing the conversion of organic matter within coal beds to methane are basically derived from two different sources in situ: nutrients supplied from the substratum sediments and nutrients from the groundwater recharge. In general, groundwater of the PRB flows from the south towards the northeast and low-transmissivity shale layers common in the PRB isolate the water from other aquifers providing very long flow paths that are dominated by hydrogenotrophic methane production (CO 2 + 4H 2 ⇔ CH 4 + 2H 2 O) (Bates et al., 2011; Flores et al., 2008; Meredith et al., 2012; Rice et al., 2008) . Several areas of groundwater recharge occur along the western margin of the PRB where the coal seams outcrop, especially near the Montana-Wyoming border (Bates et al., 2011; Rice et al., 2008) . Isotopic evidence within this recharge area indicates that acetoclastic or methylotrophic methanogenesis is dominant in situ (CH 3 OO − + H + ⇔ CH 4 + CO 2 ) (Bates et al., 2011; Flores et al., 2008; Rice et al., 2008) . To further investigate the in situ processes mediating acetoclastic or methylotrophic methane production, we utilized a novel sampling technique to gain insight into the microbial ecology present in a well near a recharge area along the western margin of the PRB (GWIC 8430) (Bates et al., 2011) . A significant amount of research has been dedicated to understanding the in situ microbial system involved in converting subsurface coal to methane (Guo et al., 2012; Jones et al., 2010; Midgley et al., 2010; Penner et al., 2010; Strąpoć et al., 2008; Unal et al., 2012) . Such studies have relied on traditional formation water and/or coal core samples to access the coal-utilizing microbial community. Research suggests that groundwater samples do not reflect microbial densities and activities in the subsurface (Alfreider et al., 1997; Penner et al., 2010) . In addition, core samples are prohibitively expensive to obtain and difficult to collect aseptically. Down-well incubation of sterile substrate has emerged as an alternative method for sampling subsurface microorganisms (Alfreider et al., 1997; Griebler et al., 2002; Peacock et al., 2004; Reardon et al., 2004) . A down-well incubation technique was utilized in the present study with a diffusive microbial sampler (DMS) with modifications to only expose the sediment within the inner part of the DMS at the bottom of the well to target coal-utilizing microbial populations.
In this study, we aimed to enhance the fundamental understanding of the ecology and physiology of methane-producing, coal-associated communities, and to identify microbial community responses to laboratory enrichment conditions that included coal and several metabolites (acetate, H 2 ) suspected to form when coal is degraded by Bacteria (Jones et al., 2010; Strąpoć et al., 2011) . This analysis allowed new insight into the in situ microbial community and populations involved in coal degradation and metabolite utilization.
Methods and materials
Sampling site
The study site was located in southeastern Montana in the CX field where significant groundwater recharge occurs from areas several miles away in the Wolf Mountains and further from the BigHorn Mountains with flow moving east at a calculated rate of 80 ft/yr (Bates et al., 2011; Wheaton and Donato, 2004 A diffusive microbial sampler (DMS) was designed to colonize native coal material with an indigenous microbial consortium from Powder River Basin (PRB) coal seams. The DMS consisted of a cylinder (2.5 in. diameter and 5 in. long) with 2 rods extending from the top of the cylinder to a weight 12 in. below the cylinder. The weight sealed the DMS, due to gravity, until contacting the bottom of the well where the rods extending from the weight lifted the coal out of the sealed cylinder allowing colonization by indigenous microorganisms. Sediment within the sampler was composed of approximately 25 g of sub-bituminous coal particles (>2 mm but b 4 mm diameter) from the Decker Coal Mine in the Powder River Basin (PRB) several miles from well WR-53A. The coal particles were encased with #8 stainless steel mesh. The DMS was autoclaved prior to being placed in the well allowing autoclaved coal to act as the negative control in our DNA analysis. The DMS was retrieved from well WR-53A using aseptic techniques after three months of incubation. There was not a noticeable loss of coal from the sampler during the time of incubation.
Microbial enrichments
Three ml of slurry from the DMS was immediately added to anaerobic coculture medium (CCM) after retrieval from the bottom of the well. The CCM contains 30 mM sodium acetate and (per liter) 2.17 g NaCl, 5.5 g MgCl 2 ·6H 2 O, 0.14 g CaCl 2 ·2H 2 O, 0.5 g NH 4 Cl, and 0.335 g KCl and is buffered with 1.1 mM K 2 HPO 4 and 30 mM NaHCO 3 . One ml per liter of 1000 × nonchelated trace elements and 1 ml per liter of 1000 × vitamin solution amended with 2.0 g/l choline chloride were added as growth supplements as previously described (Walker et al., 2009 ). L-cysteine·HCl (1 mM) and sulfide (1 mM as Na 2 S·9H 2 O) were added as reducing agents. Resazurin (1 mg/l) was added as a redox indicator. Stock solutions of K 2 HPO 4 (1 M), NaHCO 3 (6.0 M), L-cysteine·HCl (1 M), Na 2 S·9H 2 O (1 M), and the nonchelated trace element and vitamin mixtures were prepared under anoxic conditions as previously described (Walker et al., 2009) . Coal remaining in the DMS was immediately frozen on dry ice and transported to a − 80°C freezer and stored until used for DNA analysis.
Methane production from laboratory cultures was monitored by direct injection on a SRI 8610C gas chromatograph (GC) with a thermal conductivity detector (TCD) and a stainless-steel molecular sieve 13 × packed column with helium as the carrier gas. After methane production was detected in the enrichments inoculated from well WR-53A, liquid coal slurry was transferred to fresh CCM medium with 5 g coal added with a CO 2 headspace or 30 mM sodium acetate along with an 80:20 H 2 /CO 2 headspace. The enrichments were incubated in the dark at 25°C and methane production was monitored via GC.
DNA extraction
DNA was extracted from the coal from the DMS sampler, coal cultures and acetate/H 2 cultures. DNA was extracted at the same time point for the coal cultures and acetate/H 2 cultures. Approximately 0.5 g of coal from the DMS was aseptically placed in a 1.5 ml tube with 1 ml of 10% SDS. The samples were heated to 70°C for 15 min followed by a vortex pulse to suspend the coal and another 15 min at 70°C to wash the microorganisms off the coal. Microbial biomass was retrieved from the cultures by filtering the medium through a 0.2 μm filter and both the filter and the coal were included in the DNA extraction. Total community DNA was extracted using the BIO 101 FAST DNA spin kit (MP Biomedical, Solon, OH) according to the manufacturer's instructions with the following modifications: DNA bound to the silica matrix was allowed to settle for 30 min, and the spin filter was allowed to air-dry in a biosafety cabinet for 30 min following the salt-ethanol wash. In order to account for heterogeneity in community diversity and structure as well as variability in DNA extraction efficiency, the culture was extracted in triplicate. Autoclaved coal was extracted alongside the samples and used as a negative control.
Pyrotag analysis
Pyrosequencing was used to characterize the bacterial and archaeal populations from the DMS. Nested archaeal and semi-nested bacterial PCR amplification were performed to increase the concentration of DNA for pyrosequencing analysis. The thermal profile used in bacterial PCR reactions included initial denaturation at 94°C (2 min); followed by 25 cycles of denaturation at 94°C (30 s), annealing at 58°C (1 min), and primer extension at 72°C (1 min); and a final extension at 72°C for 7 min. The final reaction mixture (20 μl) contained 10 μl 2× EconoTaq PLUS (Lucigen, Madison, WI) and 1.0 μM of each of the forward and reverse primers along with 5-10 μg template. Each sample was amplified with a unique 10-nt barcode to enable multiplexing. The bacterial primers included: barcoded FD1 (5′-AGAGTTTGATCCTG GCTCAG-3′) and non-barcoded 1540R (5′-GGAGGTGWTCCARCCGC-3′) in the initial amplification and barcoded FD1 and barcoded 529R (5′-GGCAGATTCTTTGCCTTCTG-3′) in the second round of amplification (Bowen De León et al., 2012; Yakimov et al., 2001 ). The archaeal primers included: 21F (5′-TTCYGGTTGATCCYGCCRGA-3′) and 1492R (5′-CGGTT ACCTTGTTACGACTT-3′) and barcoded 751F (5-′CCGACGGTGAGRGRYG AA-3′) and 1204R (5-TTMGGGGCATRCIKACCT-3′) (Baker et al., 2003) . A 0.8% agarose gel in TAE buffer was used to check the PCR products for DNA of the correct size. The gel extracts were cleaned and concentrated using the Wizard SV Gel and PCR Cleanup System® (Promega, Madison, WI), and dsDNA was quantified with a Qubit fluorometer (Life Technologies, Carlsbad, CA, USA). Adaptors for 454 sequencing were ligated to the amplicons and were pyrosequenced in a Roche 454 GS-Junior (454 Life Sciences, Branford, CT, USA). The barcoded sequencing reads were separated by Roche's image analysis and sequence assignment software providing high confidence in assigning sequencing reads to the appropriate sample. Sequences were trimmed to one standard deviation below the mean length (removed if shorter), and subjected to a Phred score filter allowing 15% of the nucleotides to be below Q27, and removed if primer errors or Ns were observed. Forward reads were carried through the analysis. A python script was used for data management and analysis as previously described (Bowen De León et al., 2012) . Chimeras were removed using ChimeraSlayer (Haas et al., 2011) . The Michigan State University Ribosome Database Project Pyrosequencing Pipeline (http://pyro.cme.msu.edu) was used to align sequences, complete-linkage clustering at 97% similarity, and to calculate Chao1 indices. Sequences were identified with a Basic Local Alignment Search Tool (BLAST) search against the National Center for Biotechnology Information (NCBI) nucleotide (nr/nt) database.
Clone library analysis
Clone library analysis was utilized to investigate the archaeal and bacterial populations contained within the enrichment cultures. Approximately 2.0-2.5 ng of DNA was used to perform PCR with universal bacterial primers FD1 and 1540R, universal archaeal primers 21F and 1492R (sequences above) and mcrA specific forward primer, 5′-GGTGGTGTMGGATTCACACARTAYGCWACAGC-3′, and a reverse primer, 5′-TTCATTGCRTAGTTWGGRTAGTT-3′ (Luton et al., 2002) . The thermal profile used in the bacterial PCR reaction included initial denaturation at 94°C (2 min); followed by 30 cycles of denaturation at 94°C (30 s), annealing at 58°C (1 min), and primer extension at 72°C (1 min); and a final extension at 72°C (7 min). The thermal profile used in the archaeal PCR reaction included: initial denaturation at 94°C (5 min); followed by 25 cycles of denaturation at 94°C (30 s), annealing at 55°C (30 s), and primer extension at 72°C (2 min); and a final extension at 72°C (7 min). The final reaction mixture (20 μl) contained 10 μl 2 × EconoTaq PLUS (Lucigen, Madison, WI) and 1.0 μM of each of the forward and reverse primers. A 0.8% agarose gel in TAE buffer was used to check the PCR products for DNA of the correct size. Bands were excised and cleaned using the Wizard SV Gel and PCR Cleanup System® (Promega Inc., Madison, WI) according to the manufacturer's instructions (Promega Inc., Madison, WI). Cleaned products were cloned using the Invitrogen pCR2.1-TOPO vector according to the manufacturer's instructions (Life Technologies, Carlsbad, CA). Archaeal and bacterial clones (192 each) were picked based on blue/white screening for selection of recombinants and submitted for sequencing to Functional Biosciences (Madison, WI) using Sanger sequencing methods with bacterial primer 529R (sequence above) archaeal primer 519R (5′-ACAATGTCATTGGTCAATTCATT-3′) and mcrA/M13R, (5′-CAGGAAACAGCTATGACCTTCATTGCRTAGTTW GGRTAGTT-3′). Sequences were extracted from chromatograms using BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html) and aligned, clustered and dereplicated using the RDP pyrosequencing pipeline as described above. Dereplicated sequences were identified using the BLASTn algorithm by NCBI (http://ncbi.nlm.nih.gov).
Results
Pyrotag sequence analysis of in situ community
A total of 6144 archaeal sequence reads with 74 operational taxonomic units (OTU) and 5339 bacterial sequence reads with 407 OTUs were obtained through pyrotag analysis after trimming and qualitychecking the sequences. The average read lengths were 380 and 365 bases for archaea and bacteria, respectively. The OTUs were defined with 3% dissimilarity and analyzed with Chao1 diversity estimates (Chao and Lee, 1992; Hughes et al., 2001 ). Chao1 statistical analysis suggested that further sequencing of the microbial community would lead to additional unique OTUs and reveal more genera/speciesalthough the majority of the estimated diversity was sampled (Table 1) . To illustrate in detail the composition of the communities detected with this analysis, each OTU, along with its putative identity and corresponding percent similarity has been provided in Supplementary Table 1.
Microbiota observed with pyrotag analysis
All of the archaeal sequences sampled from the DMS could be classified as closely related to the hydrogenotrophic methanogen, Methanobacterium (58.7%), or the methylotrophic methanogen, Methanolobus (41.3%) (Mochimaru et al., 2007) (Supplementary  Table 1 ). The detected bacterial community was very diverse and approximately 33% of the bacterial sequence reads belonged to the phylum Proteobacteria (32.6%) with the dominant class being β-Proteobacteria. The phyla Actinobacteria (29.8%), and Firmicutes (21.0%) were also predominant and represented a large portion of the sequence reads. Interestingly, a significant portion (almost 16%) of the sequences detected in the analysis was most closely related to phototrophic cyanobacteria and chloroplast sequences ( Fig. 1 organisms and/or biomass could be carried into the subsurface environment with recharge water and may represent a source of allochthonous carbon and nutrients.
Coal-dependent microbial communities
A total of 83 bacterial clones (SSU rDNA gene sequences) from the coal culture and 85 bacterial clones from the acetate/H 2 -amended culture (no coal) were sequenced (Fig. 2) . The bacterial diversity was greater in the coal enrichment compared to the acetate/H 2 enrichment: 24 versus 8 OTUs at the genus level. An OTU closely related (98-100% sequence identity) to the SSU rRNA gene sequence of Acetobacterium, a homoacetogen, comprised approximately 25% of both libraries (Eichler and Schink, 1984) . The three next most abundant OTUs in the coal enrichment were most closely related to Acetivibrio (97-99% sequence identity), Clostridium (84-98% sequence identity), and Desulfovibrio (98% sequence identity). Other OTUs detected in the coal but not acetate/H 2 enrichment included Aminobacterium, Geobacter, Herbaspirillum, Spirochaeta, and Synotrophus.
The archaeal diversity was lower compared to the bacterial diversity and only 3 unique OTUs were detected at the genus level for either enrichment (coal or acetate/H 2 ) (Fig. 3) . The acetate/H 2 enrichment was predominated by Methanosarcina (86%), Methanospirillum (13%), and Methanosaeta (1%). The coal enrichment was predominated by multiple Methanosarcina groups (91%) and a Methanospirillum group (9%). Similar results were observed when mcrA diversity was compared between the coal-and acetate/H 2 -enrichments (data not shown).
Discussion
High-throughput 454 pyrotag analysis was utilized to investigate the in situ microbial communities. Pyrotag analysis is widely accepted and has been used to investigate the microbial ecology in a vast number of diverse habitats, such as a biogas plant (Schlüter et al., 2008) , deep mines (Edwards et al., 2006) , the deep marine biosphere (Huber et al., 2007) and subsurface coal beds in China (Guo et al., 2012) . It should be acknowledged that all PCR-based methods are not without potential bias due to differing DNA extraction efficiencies and bias of primer selectivity. Because of the difficulty of extracting DNA from coal, we used nested and semi-nested PCR in this study, which has also been necessary in other microbial coal bed investigations (Guo et al., 2012; Klein et al., 2008) .
Based on the results from 454 pyrosequencing, both hydrogenotrophic and methylotrophic methanogens were present in situ. OTUs related to Methanolobus and Methanobacterium have been recently detected with pyrotag analysis from subsurface coal beds in China (Guo et al., 2012) . The presence of these methanogenic sequences was not unexpected based on isotopic data indicating that both CO 2 -reduction and methyl-type fermentation played major roles in gas generation near this site . This isotopic data cannot distinguish between acetoclastic methanogenesis and methylotrophic methanogenesis; however, our data indicate methylotrophic instead of acetoclastic methanogenic populations predominate in situ in this area of the basin as Methanolobus spp. can utilize methanol as a substrate for methanogenesis rather than acetate. Interestingly, sequences indicative of these organisms were not detected in the enrichments from the DMS, and instead sequences indicative of the genera Methanosarcina, Methanosaeta, and Methanospirillum were detected. Methanosarcina spp. are the only identified methanogens which possess all three known pathways for methanogenesis (acetoclastic, methylotrophic and hydrogenotrophic) (Galagan et al., 2002) . Methanosaeta spp. are limited to acetoclastic methane production while Methanospirillum spp. are limited to H 2 and CO 2 for methane production. It is common for molecular-based and cultivation-based methods to detect different populations, and our results highlight the limitations of cultivation-based methods to indicate active populations in situ. However, given the right conditions (i.e., higher environmental acetate concentrations), the acetoclastic methanogens identified in the enrichments may dominate in situ under stimulated conditions. Further work is needed to accurately assess active microbial populations that contribute to in situ methanogenesis under different conditions.
The bacterial community detected with 454 pyrotag analysis was diverse but most of the bacterial sequence reads (32%) belonged to the phylum Proteobacteria as previously observed in other CBM basins (Guo et al., 2012; Midgley et al., 2010; Penner et al., 2010; Shimizu et al., 2007) . The dominant class of Proteobacteria was β-Proteobacteria that consists of populations with hydrocarbon-degrading capabilities (Rotaru et al., 2010) . Oxalobacter which are known for anaerobically breaking down oxalate as a source of energy and carbon for cellular biosynthesis (Jonsson et al., 2004 ) was a top β-Proteobacterial genus detected in the pyrotag analysis (Fig. 1) . Researchers have performed aqueous extractions of different ranks of coals and oxalate was the most prevalent extracted anion from low-rank coals which is the predominant coal in the Powder River Basin (Bou-Raad et al., 2000) . Although some inferences can be made about significant microorganisms from pyrotag analysis, molecular biology techniques can be combined with enrichment studies to begin to understand the physiological and biochemical bases of coal-based methanogenesis and the relevant microorganisms involved in the conversion of coal to methane (Strąpoć et al., 2011) .
The DMS was raised and used to inoculate anaerobic media with different amendments (i.e., coal or acetate/H 2 ). Methane production was monitored and clone libraries were used to determine predominant differences in community composition and structure related to coal-dependent methane production. The DNA was extracted from the enrichment cultures with significant methane concentrations at the same time point (150 days), and other researchers have shown that different microbial clades associated with methane production dominate at various time points during batch culturing (Jones et al., 2010) . At 150 days the coal-only enrichments had 3-fold higher bacterial SSU rRNA gene sequence diversity compared to the acetate/H 2 culture (24 versus 8 OTUs at the genus level). Based upon enrichment cultures, coal promoted bacterial diversity and the diversity of bacterial populations may play an important role in efficient coal-degradation (i.e., due to the heterogeneous nature of coal polymers). The presence of sequences indicative of homoacetagens suggests potential competition between acetogens and hydrogenotrophic methanogens for H 2 and that indirect shuttling of reductants from fermenters to acetoclastic or methylotrophic methanogens may go through homoacetogens. In order to understand the relationship between communities identified by the enrichment and in situ analysis, we compared their community profiles with the pyrotag analysis obtained from the original DMS sample. The Venn diagram (Fig. 4) categorizes the overlap of the detected bacterial phyla in all three samples: WR-53A, coal enrichment and metabolite (acetate, H 2 ) enrichment. Based on the sampled diversity, the Actinobacteria, Proteobacteria, Bacteriodetes, and Firmicutes phyla were observed in all three samples and no phyla were detected in the metabolite enrichment that was not observed in the other samples. Several phyla were only observed in the coal and metabolite enrichments and not in the environmental sample (WR-53A) indicating they may have been rare in the in situ community and below the Acetate/H2 (no coal) Coal Fig. 2 . Genus level bacterial population composition for different enrichments from the DMS. Incubated slurry from the DMS was used to inoculate enrichment cultures with coal as the sole carbon source and compared to enrichments amended with acetate and H 2 DNA was extracted from these enrichments and clone libraries were constructed to compare the communities. The size of the pie section indicates the percentage of the total detected bacterial community represented with the percent identification to the named genus in parentheses. Fig. 3 . Genus level archaeal population composition for different enrichments from the DMS. Incubated slurry from the DMS was used to inoculate enrichment cultures with coal as the sole carbon source and compared to enrichments amended with acetate and H 2 DNA was extracted from these enrichments and clone libraries were constructed to compare the communities. The size of the pie section indicates the percentage of the total detected bacterial community represented with the percent identification to the named genus in parentheses.
Acetate/H 2 (no coal) Coal
detection limit but could still play an important role in coal degradation or metabolite utilization given the right conditions. The Spirochaetes phylum was shared only between the metabolite enrichment and the coal enrichment. Spirochaetes have been studied for over 100 years for their role in termite gut biota resulting in methane production (Breznak, 2002) . Spirochaetes species are capable of obtaining energy for growth by H 2 /CO 2 -acetogenesis, i.e., 4 H 2 + 2 CO 2 → CH 3 COOH + 2 H 2 O (ΔG°′ = − 105 kJ per mole acetate) (Leadbetter et al., 1999) . Synergistetes were only observed in the coal enrichment sample indicating that they also were minor components in the environmental sample (WR-53A) but may also be important players in coal degradation when the right conditions are present. Bacteria within the phylum Synergistetes have recently been observed to compete for acetate with acetate-utilizing methanogens (Ito et al., 2011) . Microorganisms belonging to the phyla Planctomycetes and Cyanobacteria were only detected in the environmental sample along with microorganisms most closely related to eukaryotic chloroplast sequences indicative of algae. The abundance of the sequences related to Cyanobacteria suggests that biomass may have been transported into the subsurface with the groundwater recharge and not a remnant of contamination introduced when the well was drilled in 1977. It is possible that re-charge and/or slow turnover of microbial biomass (e.g., DNA) could explain the observed cyanobacterial sequences. The major recharge areas are miles away and with a calculated flow rate of 80 ft/year, DNA from these phototrophic microorganisms would have to remain in subsurface for many years in order to reach the area where well WR-53A is located (Wheaton and Donato, 2004) . Alternatively, clinker ridges and the Anderson coal bed outcrop close to the CX field, could supply a smaller amount of recharge but allow for a shorter travel distance (Van Voast and Thale, 2001; Wheaton and Donato, 2004) . Future research is needed to fully understand the presence of these sequences at the site.
Conclusion
There is currently a great deal of interest as to what extent the in situ microbial conversion of coal into methane can contribute towards satisfying the growing energy needs of the United States as more sustainable and renewable sources are developed. The useful life of a CBM well, on average, is currently less than ten years (Meredith et al., 2012) . Therefore, stimulation of the methane-producing community contained within the coal beds is required for sustainable development of domestic resources. We investigated the microbial ecology of an area within the PRB that appears to have been naturally stimulated with groundwater recharge. A novel sampling technique was utilized that was successful in capturing a microbial community consistent with the previous isotopic data retrieved from the area. Pyrotag analysis indicates organisms capable of methylotrophic and hydrogenotrophic methanogenesis dominate the archaeal community within well WR-53A while the bacterial community was diverse. In order to better understand the individual groups of archaea and bacteria involved in coal degradation and metabolite utilization, enrichment techniques were combined with molecular biology methods to infer potentially important organisms involved in producing acetate and/or H 2 from coal and microorganisms that utilize the metabolites. Within the enrichments, coal appeared to maintain bacterial diversity compared to enrichments with H 2 and acetate. Nearly twenty-five percent of the bacterial OTUs from the WR-53A environmental sample had a low similarity (less than 90% identity) to any known cultured bacteria published on the NCBI website (September 2012) and may represent novel species specifically adapted to coal bed ecosystems. Therefore, further isolation studies from coal beds are needed to better understand indigenous organisms and function. Obtaining additional samples providing analysis of the microbial community along a coal bed flow path in several different areas and identifying how the microbial community dynamics change may lead to a better understanding of the differences in the isotopic data observed near the western margin and further into the center of the PRB.
Supplementary data to this article can be found online at http:// dx.doi.org/10.1016/j.coal.2013.03.006.
